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EFFECTIVENESS OF RADIATION SHIELDS FOR THERMAL CONTROL

OF VEHICIES ON THE SUNLIT SIDE OF THE MOON

By John C. Arvesen and Frank M. Hamaker
SUMMARY

Analyses are presented for studying the problems of thermal control
associated with vehicles on the lunar surface during the daytime and evaluating
the effectiveness of solar and lunar radiation shields in minimizing these prob-
lems. Included in the analyses are inputs of direct solar radiation, solar radi-
ation reflected from the lunar surface, radiation emitted from the lunar surface,
internally generated power, and, for a shielded vehicle, radiation reflected and
emitted from the shields. An additional analysis is presented for studying the
effect of conduction in the skin upon the temperature variation around a vehicle
1lluminated from the side.

Temperatures of unshielded vehicles were found to be a strong function of
the ratio of solar absorptance to emittance (as/e) of their surfaces and might be
excessively high during daytime. Even with coatings of very low ms/e, the vehi-
cle temperatures could be undesirably high as a result of absorption of radiation
emitted from the hot lunar surface. When an unshielded vehicle is subjected to
solar illumination from the side, as may be encountered at dawn, dusk, or at the
poles, large temperature differences and gradients are found to occur from the
sunlit to the shaded side of the vehicle.

Results of this study indicate that solar and lunar radiation shields can
eliminate many of the thermal problems apparent with unshielded vehicles on the
lunar surface. Solar shields may reduce the amount of incident solar radiation
so greatly that the temperatures on the vehicle will become independent of the
vehicle's surface properties. Lunar radiation shields may be used to isolate,
effectively, the vehicle from radiation emitted from the lunar surface. With a
combination of solar and lunar shields, the surface temperatures of a vehicle
can be reduced to a desirable level.

INTRODUCTTION

Thermal control of a vehicle on the surface of the moon is complicated by
the extremes in temperature and incident radiation encountered. The surface tem-
perature reaches 240° F or more at the subsolar point and,during lunar night,
drops to -240° F or lower (see ref. 1). The absence of an atmosphere to attenu-
ate or diffuse direct solar radiation causes an extremely large difference in
temperature of sunlit and shadowed lunar areas. In this environment, vehicles
would be expected to provide thermal protection for both men and equipment.



With the lunar temperature and incident solar radistion varying over such
wide ranges during the day, the problem of maintaining the temperature of the
interior of a vehicle within required limits, say 60° F to 90° F, may be very
difficult. If the outside surface temperature of the vehicle is much different
from the interior temperature, a substantial weight of insulation may be required
to adequately reduce the rate of heat flow into or out of the vehicle. Thus, for
lunar vehicles, it is reasonable to assume a design goal of maintaining skin tem-
perature at approximately the same level as is desired in the interior. A study
of the temperatures of the exterior of a lunar vehicle and the parameters which
affect these temperatures, therefore, becomes meaningful in terms of achieving
desired thermal control.

One method of reducing the maximum vehicle temperature is by the use of
coatings with very low ratios of solar absorptance to thermal emittance. How-
ever, even with such coatings, the radiation from the hot lunar surface may still
cause undesirably high temperatures. Furthermore, such coatings may possibly be
susceptible to degradation of radiative properties due to enviromment exposure

(ref. 2.).

Another method of thermal control of lunar vehicles is the use of external
radiation shields. Solar radiation shields have been shown to be very effective
for thermal protection of a solar probe (ref. 3) where the incident radiation
intensity varied by two orders of magnitude. Stevenson and Grafton (ref. L)
studied the effect of a solar shield upon the temperatures of objects on the
lunar surface at the subsolar point. Because the objects studied were still
directly exposed to the hot lunar surface, the shield was not adequate under all
conditions to prevent excessively high temperatures of the objects.

In the present study, the concept of radiation shielding is extended to
include a lunar radigtion shield that isolates the vehicle from radiation emitted
from the lunar surface and to evaluate the effectiveness of a combination of
solar and lunar shields. An expression for the temperature distribution over the
surface of unshielded vehicles on the lunar surface is developed and the thermal
problems associated with a particular vehicle configuration are studied as a
basis for comparison with the shielded configuration. A general analysis is also
presented from which the temperatures of any shielded vehicle may be calculated.
The effectiveness of solar and lunar radiation shields 1s then determined as a
function of geometry, solar absorptance and thermal emittance properties, solar
illumination angle, and internally generated heat.

NOTATTON

A surface area, sq ft
b thickness of vehicle's skin, ft
c thermal conductance (C = bk), Btu/hr-OF

D vehicle diameter, Tt




E solar constant, 4h2.8 Btu/hr-ft2, 129.7 watts/ft2
F radiation configuration factor

k thermal conductivity, Btu-ft/hr-ft2 OF

Q heat -transfer rate, Btu/hr

S direct solar radiation, Btu/hr

T temperature, °R

X solar-shield separation distance, ft

ag solar absorptance

Y angle between the sun's direction and a normal to the lunar surface, deg

€ thermal emittance

] angle between the sun's direction and a normal to the vehicle's surface, deg
Pm lunar reflectance to solar radiation

o Stefan-Boltzmann constant (0.173%x107® Btu/hr-ft2-R%)

) azimuth angle of a point on surface of vehicle with respect to sun, deg

s orientation angle of a point on the vehicle with respect to the lunar
surface (fig. 2), deg

Subscripts

d directly incident

dA elemental area

enm emitted from the lunar surface
im incident upon lunar surface

m lunar surface

r reflected

rm reflected from lunar surface



S8 subsolar point

t total

ANATYSTS

Analyses are developed that can be used to determine the temperatures of
unshielded and shielded vehicles anywhere on the lunar surface. The temperature
of an elemental area on the surface of the unshielded vehicle is found by a rela-
tively simple method that yields a closed-form solution. A more complex analy-
sis, requiring machine computation, is then developed from which temperatures of
areag of the surface of a shielded vehicle may be calculated.

A list of general assumptions applicable to both analyses is presented to
define their limits of applicability. Based upon these assumptions, a heat bal-
ance 1s made for an area on the surface of the vehicle. The heat balance
includes inputs of direct solar radiation, sclar radiation reflected from the
lunar surface, radiation emitted from the lunar surface, internally generated
heat, and, for a shielded vehicle, radiation reflected and emitted from the
shields. The equilibrium temperature of the area may then be calculated by
equating total heat input to total heat radiated from the area.

A heat~transfer analysis is also developed to study the effect of conduction
in the skin upon the temperature variation around a vehicle illuminated from the

side.

General Assumptions

As the radiative heat-transfer analyses associated with unshielded and
shielded vehicles on the lunar surface are developed, a number of assumptions or
approximations are introduced. For clarity, these are collected in the following

list:

Lunar Environment:

The temperature of the lunar surface at the subsolar point is 2400 F.

1.

2. The temperature of the lunar surface on the dark side is -240° T,

3. The thermal conductivity of the lunar surface is negligible.

4, The spatial environment is considered to be a radiation sink at -L60° F
(0% absolute).

5. The lunar surface emits and reflects radiation diffusely in accordance
with Lambert's law.

6. The reflectance of the lunar surface is the same over the entire surface.

7. The lunar surface in the immediate vicinity of the vehicle may be analyt-
ically approximated by an infinite flat plane of uniform temperature.

8. Thermal effects of radiation from the earth are negligible.



Vehicle:

1. The surface of the vehicle reflects and emits radiation diffusely in
accordance with Lambert's law.

2. The absorptance of the surface of the vehicle to infrared radiation is
equal to its emittance (i.e., exhibits gray-body characteristics in
the infrared region).

3. Radiation that is reflected or emitted from the vehicle does not return
to its surface (except as indicated for the radiation-shield analysis).

4, The thermal conductance of the skin of the vehicle is considered to be
zero unless otherwise specified.

5. The temperature of the surface of the vehicle is assumed to be that
reached at equilibrium.

6. ©No heat is lost from the surface of a vehicle by conduction or radiation
into or through the vehicle,

7. No heat is conducted into the vehicle from the lunar surface or vice
versa. (The vehicle is on a nonconducting base.)

8. The shadow cast upon the lunar surface by the vehicle has a negligible
effect upon vehicle temperatures. (However, the effect of the shadow
cast by the solar shield is included.)

Shields:

1. The shields are considered to have isothermal surfaces.
2. The shields emit and reflect radiation diffusely in accordance with
Lambert's law.

Tunar Thermal Environment

An evaluation is made of solar radiation incident upon and the total
radiation leaving an area of the lunar surface. Lunar surface temperatures are
discussed and a simple approximation to the temperature at any point on the lunar
surface is given.

Incident solar radiation.- The direct solar radiation incident upon an
elemental area diy of the lunar surface depends only upon the angle of illumi-
nation. If the angle between the sun's direction and a normal to the lunar
surface is defined as 7y, the direct solar radiation is

dSiy = E cos 7 dAy 0y <x/2 (1)

where E 1is the value of the solar constant.



Reflected solar radiation.- The solar radiation reflected from the lunar
surface is

dSym = PmE cos ¥ dAm (2)
where P 1is the fraction of solar radiation reflected.

Emitted lunar radiation.- The radiation emitted from an elemental area of
the lunar surface may be determined from the Stefan-Boltzmann law as

Qe = oTm* dAm (3)

since the emittance of the lunar surface has been determined by Pettit and
Nicholson (ref. 5) to be very nearly unity.

Lunar surface temperatures.- William M. Sinton and associates at Lowell
Observatory (refs. 1 and 6) have measured lunar surface temperatures using modern
infrared techniques. They have determined the "mean spherically emitting" sub-
solar point temperature to be 389° K (240° F) and the dark side "midnight" tem-
perature to be 122° K +3° K (-240° ¥ #5° F). 1In addition, they have constructed
isothermal maps of the lunar surface at various phase angles (ref. 7) from which
the temperature of a point may be determined at various times during the lunar
day. Typical measured temperatures are shown for various solar illumination
angles in figure 1 for a small area near the center of the lunar disk., A theo-
retical curve of temperature variation of a model lunar surface obtained from
reference 1 is also shown in figure 1. The value of conductivity used for cal-
culating this curve is so low that 1t 1s representative of a powder or dust in a
high vacuum (ref. 1). By an analysis of the temperature-time history of a lunar
eclipse (refs. 8 and 9) the lunar surface has further been shown to be an
extremely poor heat conductor.

If the thermal inertia of the lunar surface 1s assumed zero, the temperature
of any area of the lunar surface will vary between the subsolar point temperature
(240° F) and the dark side temperature (-240° F) as the fourth root of the cosine
of the illumination angle:

T 1/ 4

Tgg cOS V4

m
whichever is higher (L)

Ty = 220° R (-240° F)

Equation (L) is also plotted in figure 1 and it is seen that the agreement of
this simple expression with the measured temperature points is fairly good.

Temperature Distribution Over the Surface of an Unshielded Vehicle

The magnitude of the components of solar radiation and lunar radiation
ncident upon an elemental area on the surface of an unshielded vehicle are
vuetermined. A heat balance is made that includes inputs of absorbed incident




radiation and heat generated within the vehicle. From this heat balance and the
Stefan-Boltzmann law, the temperature distribution over the surface of the vehi-
cle at equilibrium may be calculated. Since the rate of change of the lunar
environment is relatively low (1 lunar day = 29-1/2 earth days), it is felt that
the assumption of equilibrium temperatures is valid unless the vehicle's skin has
an unusually high thermal capacitance,.

Direct and reflected solar radiation incident upon an elemental area on the
vehicle.- If 6 1is defined as the angle between the sun's direction and a normal
to an elemental area dA on the vehicle's surface, the solar radiation that is
directly incident is

dSqg = Ecos 8 dA 0<6 <x/2 (5)

Reflected solar radiation incident upon the elemental area depends upon
radiation reflected from the lunar surface and the integrated radiation configu-
ration factor between the area and the entire lunar surface. Calculation of this
factor involves simplifying assumptions as to the characteristics of the lunar
surface, namely, that the surface is diffuse and may be approximated by an infi-
nite flat plane (see ref. 10). The configuration factor between an arbitrarily
oriented elemental area and an infinite plane 1s developed in reference 11 and
the result may be expressed as

Fap-m = cos®(y/2) 0LV < (6)

where V¥ 1is the orientation angle with respect to the lunar surface. The radia-
tion configuration factor is shown graphically in figure 2. The reflected solar
radiation incident upon the element may now be calculated from the reciprocity
relationship (Fap,-aa 88m = Fga_ga, 9A) and equations (2) and (6). Thus,

dSy = pyE cos y cos®(¥/2)dA (7)

Incident lunar radiation.- Lunar radiation incident upon the element is a
function of the radiation emitted from the lunar surface (eq. (3)) and the previ-
ously calculated configuration factor (eq. (6)). It is given by

dQip = oTy® cos®(V¥/2)aa (8)

Total radiation incident.- The components of solar radiation and lunar
radiation may now be combined to give the following expression for the total
radiation flux incident upon the elemental area:

dQg/dA = E cos 6 + p B cos y cos®(V/2) + oTy* cos®(y/2) (9)

It can be seen that the radiation incident is a function of (1) the angle of
incidence of direct solar radiation on the element 6; (2) the angle of incidence
of solar radiation upon the lunar surface 7y, that is, lunar latitude, longitude
and time; (3) the orientation of the element with respect to the lunar surface V.



Heat balance on the elemental area.- The solar absorptance ag of any
surface is defined as the fraction of the total incident solar radiation that is
absorbed. The absorptance of the elemental area to infrared radiation (lunar
radiation) can be shown to be very nearly equal to its emittance if the vehicle's
surface has falrly constant emittance properties with wavelength in the infrared

region.

Tt is assumed, for the present, that there is no heat conducted between
elements of the vehicle's skin. There can be, however, heat sources within the
vehicle that will result in additional heat inputs, U, to the element. At ther-
mal equilibrium, the total heat input to the elemental area must be equal to the
heat that is radiated away. Thus,

as(total incident solar radiation) + e€(incident lunar radiation)

+ internal heat = radiation emitted
or
ag[E cos 6 + pyE cos ¥ cos2(¥/2)] + eoTp* cos®(¥/2) + U = eoT* (10)

where € 1s the emittance of the elemental area. The equilibrium temperature,
T, in the absence of conduction between adjacent elements, may now be found from

E 0 + PpF 2(y/2 L
- {?E'[ cos mf cos y cos v/ )}+'Tnf Cosa(%) + é%}_ (11)

€ )

The temperature distribution over the surface of an unshielded vehicle at any
time during the lunar day can be determined from this equation. The variables
that determine the temperature distribution for any specific vehicle with no
internally generated heat are simply the sun's illumination angle and the ratioc
of solar absorptance to emittance, @S/e, of the vehicle's skin. When internally
generated heat is present, the heat flux into the skin and the actual value of
emittance of the skin become additional variables.

Thermal conductance.- When a study is made of the effect of skin conductance
upon the temperature variation of the vehicle's surface, certain new parameters
must be introduced. The conductivity, thickness, and emittance of the surface
material, as well as the vehicle's size, now become pertinent parameters. Such
an analysis is developed in appendix A and i1s based upon the relaxation method.
This analysis has been developed for one-dimensional heat conduction and may be
applied only to sections of a vehicle where the temperature gradients in all
other directions are negligible.

Temperatures of Shielded Vehicles

In order to describe adequately the radiative heat -transfer system that
consists of a vehicle, solar and lunar radiation shields, the lunar surface, and
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space, a more general radiation analysis is required. Such an analysis is
developed in appendix B and is summarized here.

The calculation of temperatures resulting from radiative heat transfer
between the components of the system is complex because multiple reflections from
each surface must be considered. Methods have been developed (e.g., refs. 12,
13, and 14) whereby infinite reflections may be included in a systematic manner,
and, with the use of a high-speed computer, the lengthy computations involved in
these methods can be readily accomplished.

The method of analysis developed within the present report is similar to
that presented in reference 13 but is extended to include radiation absorbed and
emitted from both sides of a surface. This analysis includes solar radiation and
internally generated heat, as well as emitted radiation. Methods of matrix alge-
bra are used to solve the linear simultaneous equations obtained by a heat
balance on specific finite surfaces.

A heat balance can be made on an arbitrary surface 1 +that may receive and
emit radiation from both sides (a and b). The heat balance includes direcf solar

radigtion BS;, reflected solar radiation from all surfaces in the systan 2: Vi,
B=1

emitted radiation (both direct and reflected) from all surfaces 2: pW3s and

internal heat Uj. Thus, as in eguation (10), B=o

emitted radiation
+ [ absorbed (direct
and reflected)

internal radiation
heat emitted

direct solar rad- reflected solar
iation absorbed radiation absorbed

12)

Si(a) * 51i(b) *‘}:BVi(a) *‘}jﬁvi(b) +‘§:6Wi(a) +‘§:Bwi(b) + Ui = % (a) * 93 (p)
B=1i = B=o B=o

(13)

where qi(a) and qi(b) are the radiation components emitted from sides a and b,
respectively. Equation (13) is a set of simultaneous equations from which sur-
face temperatures may be obtained by solving for q;. Through methods of matrix
algebra (details are found in appendix B), the equations may be organized and
solved.

RESULTS AND DISCUSSION

The preceding analyses have been developed for evaluating the thermal
control of a vehicle on the lunar surface. The basic vehicle configuration



chosen for study is shown in figure 3. It consists of a 60° conical section atop
a cylindrical section. The solar and lunar shield configurations added to this
basic configuration are shown in figure 4.

The effects of thermal parameters, such as the as/e ratio, solar-
illumination angle, and surface conductance, on the temperatures and temperature
distribution of the unshielded and shielded vehicle are discussed.

Temperatures on an Unshielded Vehicle During a Lunar Day

Incident radiation.- A vehicle will be subjected to incident solar and lunar
radiation in varying amounts during a lunar day, depending on its geometry and
position on the moon's surface. ZEquation (9) gives the components of direct
solar radiation, reflected solar radiation, and lunar radiation that are incident
upon any element of a vehicle. The variation in these components during a lunar
day is shown in figure 5 for a strip of elemental width up the conical and cylin-
drical sections (figs. 5(a) and 5(b), respectively) of the unshielded vehicle
being studied. The vehicle is sitting near the lunar equator and the sun moves
directly overhead during the lunar day. It can be seen that emitted radiation
from the lunar surface is the main component until direct sunlight is incident.
The incident solar radiation reaches a maximum when it i1s normal to the vehicle's
surface. As would be expected, the maximum solar radiation is of a much greater
magnitude than the maximum lunar radiation.

Temperature variation for various values of ag/e.- The variables which
determine the temperature distribution over a vehicle with a given geometry and
no internally generated heat are the sun's illumination angle and the ratio of
solar absorptance to emittance of the vehicle's skin. The radiation incident
upon an elemental strip of the vehicle at any time was shown in figure 5. The
temperatures arising from this incident radiation are shown in figure 6 for vari-
ous ag/e ratios under the assumption that no heat is transferred between ele-
ments on the vehicle.

The temperatures reached on the vehicle are a strong function of ag/e
during lunar daytime, but during lunar night, the surface properties are immate-
rial and the vehicle will have an equilibrium temperature that will depend only
upon the vehicle geometry and will be between the temperature of the lunar sur-
face (-240° F) and the temperature of space (-460° F).

The maximum temperature is reached at any point on the vehicle when the
total absorbed radiation is a maximum. This occurs near the zangle for maximum
incident solar radiation for surfaces with a high as/e ratio, but for surfaces
with a low as/e ratio, it occurs near the subsolar point. For various realistic
surface materials, the maximum temperatures reached on the sections of the
vehicle studied are shown in table T.

The curve for ag/e = O in figure 6 is a theoretical limit, representative
of the temperature variation during a lunar day on a vehicle that absorbs no
solar radiation. This limit may be nearly realized by shielding a vehicle from
solar radiation as will be described later.
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Temperature of a vehicle at the subsolar point.- A vehicle at the subsolar
point is exposed to the maximum radiation emitted from the lunar surface as well
as to solar radiation from direetly overhead.

The temperatures of the conical and cylindrical sections of the vehicle at
the subsolar point are presented in figure 7 as a function of as/e ratio.
Solar and lunar illumination are uniform over each section so that each section
will have a single, uniform temperature. Since the cylindrical section of the
vehicle does not receive direct solar radiation and since incident reflected
solar radiation is low (see fig. 5(b)), the temperature of the section is rela-
tively insensitive to changes in as/e. The temperature of the conical section,
however, is strongly dependent upon ag/€ since more than half of the total
radiation incident upon the conical section is solar radiation. As the as/e
ratio of each section approaches zero, the temperatures will approach lower
limits that are a function of only the vehicle geometry. The temperatures on the
vehicle at this lower limit are 129° F and 35° ¥ (from eq. (11)) for the cylin-
drical and conical sections, respectively.

Temperature variation around a vehicle illuminated from the side.- A severe
thermal problem may occur when an unshielded vehicle is illuminated directly from
the side. Side illumination would be encountered at lunar dawn or dusk or if the
vehicle were situated near the poles. One side of the vehicle would receive the
full intensity of the direct sun, while the other side would be in darkness,
"seeing" only a cold, shadowed lunar surface and space.

When there is no conduction in the skin, the temperature distribution
around the cylindrical section of the vehicle is as shown in figure 8. The tem-
perature of a vertical strip on the surface of the cylindrical section is plotted
against its location angle around the vehicle for various values of ag/e. It is
apparent that large differences in temperature may occur between the sunlit and
dark sides of a vehicle, especially at the higher values of as/e. Also apparent
are the large thermal gradients which are present in the region from about 80° to
900.

The effect of surface conductance on the temperature distribution around the
cylindrical section of the vehicle is determined by the methods presented in
appendix A and is shown in figure 9. The vehicle in this example is 10 feet in
diameter and its surface has an ag/e ratio of 1.0. Thermal conductance C in
the skin ranges from zero to a value representative of l/8—inch—thick aluminum.
Two cases are presented:

0.9 (fig. 9(a))
0.1 (fig. 9(b))

(a) The emittance of the surface

n

(b) The emittance of the surface

It can be seen that, in general, conduction in a vehicle's skin can reduce
both the temperature differences and gradients around the vehicle. This is
accomplished primarily by raising the dark-side temperature of the vehicle. It
can be seen that the use of a surface of low emittance results in lower tempera-
ture differences and reduced gradients when compared with one of higher emit-
tance. It is apparent, however, that even for a skin of relatively high conduct-
ance (1/8-in. aluminum), a large temperature variation may still exist from one
side of the vehicle to the other.
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The Use of Solar and Lunar Radiation Shields for Thermal
Control of a Vehicle During Iwunar Daytime

It has been shown that surface temperatures of an unshielded vehicle may be
undesirably high during lunar daytime. Surfaces of very low ms/e will reduce
the amount of solar radiation that is absorbed, as shown earlier, but the hot
lunar surface may still provide enough radiation toc maintain undesirably high
vehicle temperatures. Therefore, shields are now considered as a method of mini-
mizing this problem by reducing both incident solar and incident lunar radiation.

Effectiveness of shielding at the subsolar point.- The shielded vehicle
configurations studied are presented in figures 4(a), (b), and (c). A circular
shield with the same diameter as the vehicle or larger (figs. 4(a) and 4(b)) was
used to eliminate all direct solar radiation on the vehicle. Reflected solar
radiation and lunar radiation also may be reduced by means of a shield that is
symmetric around the base of the vehicle and is completely shaded by the large

solar radiation shield, as shown in figure 4(c).

Temperatures of the conical and cylindrical sections of the unshielded and
the three shielded vehicle configurations at the subsolar point were calculated
by the methods developed in appendix B, and thus include infinite reflections and
reradiations among all surfaces. Results of typical analyses are presented in
figure 10 as a function of the ms/e ratio on the conical and cylindrical sec-
tions of the vehicle (figs. 10(a) and 10(b), respectively). The solar shield has
a white coating on the sunlit side (@S = 0.2, € = 0.8) and a black coating on the
shaded side (QS = 1.0, € = 1.0) and is separated from the apex of the conical
section by a distance equal to one vehicle diameter. The lunar radiation shield
has a polished metal surface of low emittance (ag = 0.2, ¢ = 0.04).

When a solar shield of the same diameter as the vehicle is added to the
unshielded vehicle, the amount of solar radiation incident upon the conical sec-
tion is greatly reduced (see fig. 10(a)). The surface temperature then becomes
relatively independent of the @S/e ratio and almost equivalent to the tempera-
ture of a surface with a theoretical value of ag/e = 0 (see fig. 6(a)). The
reduction in temperature is 36° F for ag/e = 0.2, 150° F for ag/e = 1.0, and
3789 F for a vehicle whose as/e ratio is 5.0. The temperature of the cylindri-
cal section remains relatively unchanged (fig. 10(b)) since the addition of the
small shield does not affect the thermal environment of this section to an

appreciable degree.

If the size of the shield is increased, the lunar surface around the vehicle
will be shaded and thus cooled. As a result, the temperature of the cylindrical
section will be reduced. However, the conical section will be hotter because the
larger shield restricts radiation from the conical section to space to a greater
degree and reradiates more heat from the lunar surface onto the conical section.

Vehicle temperatures may be reduced further by the addition of a lunar

radiation shield of the type shown in figure L4(c). With this "skirt shield" of
low emittance, the temperatures on the cylindrical section are reduced

12



considerably and become effectively independent of the as/e ratio of the
vehicle (fig. 10(b)). Results of additional vehicle-shield studies under various
conditions are presented in table ITI.

It should be remembered that the previous studies were for a vehicle with no
internally generated heat. The surface temperatures of a vehicle with internal
heat can be calculated by equation (11) for unshielded vehicles and by methods
presented in appendix B for shielded vehicles. The internally generated heat,
radiating area, and surface emittance now become additional parameters. Through
the use of shielding, the external radiation absorbed by the vehicle can be
reduced enough to allow a high rate of heat dissipation at a reasonable tempera-
ture level. As an example, figure 11 shows that a vehicle with a surface emit-
tance of 1.0 and the dimensions given can dissipate nearly 10 kilowatts of
internally generated heat at the subsolar point and still maintain a surface
temperature below 100° F. Additional examples for vehicles with various surface
properties are listed in table III. '

Effectiveness of shielding for side illumination.- Solar and lunar radiation
shields can be used at any time during the lunar day, and their design may be
optimized for specific mission requirements and allowable temperature ranges. A
solar shield may be particularly useful when the vehicle is subjected to side
illumination (fig. 4(d)). For this case, there is no need for lunar radiation
shields since the emitted lunar radistion is low. As the solar-radiation shield
is positioned farther from the vehicle, the temperatures approach values nearly
as low as those during lunar night, as shown in figure 12. Thus, by means of
shielding, the large temperature variation noted for the unshielded vehicle (see
figs. 8 and 9) may be eliminated.

In summary, shields are most effective when they isolate a wvehicle from
external radiation and at the same time do not appreciably restrict the emission
of radiation from the vehicle to space. Since shields can eliminate nearly all
of the sclar radiation that is incident upon a vehicle, the temperature of the
vehicle, in effect, becomes almost independent of its as/e ratio. Thus,
acceptably low surface temperatures could be achieved without the problems asso-
ciated with obtaining very low as/e surfaces. Moreover, possible changes in
the solar absorptance characteristics of a surface due to environmental exposure
would not cause undesirable changes in surface temperature.

CONCLUDING REMARKS

The analyses presented herein have indicated that radiation shields can be
used as an effective method of thermal control for vehicles on the lunar surface.
The shields can effectively isolate the vehicle from both solar and lunar
radiation during daytime.

For purposes of comparison, a basic vehicle configuration was chosen for
study, although the analyses are applicable to any vehicle within the limits of
the assumptions. A study of the surface temperatures of the unshielded vehicle
showed that very low ag/e surfaces are needed to maintain low temperatures dur-
ing the lunar day. However, even with these surfaces, at or near the subsolar
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point, the vehicle's temperature may be undesirably high as a result of lunar
radiation that is absorbed by the vehicle. Unshielded vehicles that are illumi-
nated from the side (at lunar dawn, dusk, or at poles) will have a large tempera-
ture difference, and will have high temperature gradients, from their sunlit to
their shaded side, even when their skin conductance is fairly high.

Solar-radiation shields may be used to isolate a lunar vehicle from direct
solar radiation. The temperature of the vehicle becomes independent of the ag/e
ratio of its surface if shielded from all solar radiation, and is dependent only
upon how much radiation is incident from the lunar surface and/or shields. The
radiation from the lunar surface may be greatly reduced by lunar-radiation
shields. When both forms of shielding are used, a vehicle with no unusual or
extreme surface properties can be adequately thermally protected during lunar

daytime.

A vehicle designed for operation during lunar night probably reguires a
surface with low emittance and may experience severe thermal problems if, because
of some unforeseen circumstance, it is forced to operate during lunar daytime.

(A surface of low emittance will probably have a high as/e ratio and, conse-
quently, high temperatures during lunar daytime.) The thermal protection of solar
and lunar radiation shielding can be as effective for this type of vehicle as for
those designed for operation during lunar daytime.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif., Oct. 3, 1963
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APPENDIX A
ANATYSIS OF ONE-DIMENSIONAT, CONDUCTANCE IN A RADIATING SURFACE

The assumption of zero conductance in the surface of a vehicle may cause an
appreciable error in the temperature distribution over the surface of vehicles
illuminated from the side when the conductance in the skin is large. A one-
dimensional analysis is developed to evaluate the effect of conductance upon the
temperature distribution around sections of vehicles where the temperature
gradients are negligible in all but one direction.

An equilibrium heat balance on an elemental volume of the vehicle's skin
(see sketch (a)) is made by equating the sum of the total external radiation
absorbed per unit area W, the internal heat per unit area from within the vehi-
cle U, and the net heat conducted into the element Q. to the radiation flux
emitted from the element eoT?.

Thus,

(W + U)dx + Q. = eoT* ax (A1)

Sketch (a)

where a2
Qe = bk EXZ—— dx (A2)
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and b is the skin thickness and k is the conductivity. Thus,

a7

(W + U) + bk = - coT* (A3)
or

ET e a4 (W+ D)

-l e (Ak)

This resulting equation is nonlinear and numerical methods are needed to solve
it for a particular case. A technique particularly applicable to the solution
of equation (AL) is the relaxation method (see ref. 15). Equation (AL) may be
written in a finite-difference form relating the temperatures of the adjacent
elements to the temperature and heat balance of the nth element (see

sketch (b))

€0 W+ U
Tpox + Tpea - 2Ty = [BE'Tn4 - i—*——-l} 8= (A5)

/ /
/ / v
/ / 7/
L V4 Z .
l | T
| I !
, | |
| | [
| I [
| | |
l | 1
n-i n n+i
Sketch (b)
€ com 4 (W +1U) o _
Thoy * Tpeq - <éTn * o s'rn:> + i 8% =Ry (86)

The residual of the nth element, Rp, is reduced to zero when the correct
elemental temperatures are computed. Equation (A6), with suitable boundary

16



conditions, will yield the temperature distribution around the vehicle when the
external and internal heat inputs, skin thickness and conductivity, and the con-
duction length ©® necessary for the desired accuracy are given.

17



APPENDIX B
A GENERAT, ANATYSIS OF RADIATTON INTERCHANGE AMONG SURFACES

Consider n finite, isothermal surfaces that are oriented in space in an
arbitrary manner. The surfaces are of arbitrary shape and emit and reflect
diffusely. The two sides of a typical surface will be designated as a and b,
respectively. The direct solar radiation absorbed by the a side of the ith
surface can be expressed as

Si(a) = 8i%;(g)li(a) (B1)
where
aj area of ith surface
“Si(a) absorptance of the a side of the dith surface
Ii(a) solar radiation flux incident upon the a side of the ith surface
Reflected solar radiation from the ith gurface may be expressed as
Ti(a)= ai[l - O"Si(a)] Ii(a) (B2)
The thermal radiation from the same surface is given by
di(g) = 2i€i(a)oTi" (B3)
where
o} Boltzmann's constant

ei(a) emittance of the a side of the ith surface
T3 absolute temperature of the 1ith surface

Additional radiation inputs to each surface come from the summation of all
the reflections that occur among all the sides of all the surfaces. For example,
solar radiation absorbed by the a side of the i1ith surface, for the case of a
single reflection from all surfaces, is expressed by the following summation:

n n
1Vi(a) = er<a)fj<a>i(a> + Zra'(b)fa(b)i(a) %i(a) (B4)
J=1 J=1

18



where the prescript 1 denotes number of reflections and

5(v)i(a) radiation configuration factor from the b side of the ith
surface to the a side of the 1ith surface

The solar radiation absorbed by the b side of the ith

surface after one
reflection is given by

n

n
wWi(b)= Zl‘j(a)%(a)i(b) +ij(b)f3(b)i(b) *s1(b) (85)
J=1

J=1

The writing of these equations can be simplified through the use of a summation
convention: Whenever an index occurs two or more times in a term on the right
side of the equation but not on the left side, that term is to be summed over the
given index. Using this convention, we write equations (B4) and (B5) as

It

1Vi(a)

[rj(a)fj(a)i(w " rj(b)fj(b)i(a)j\ *si(a) (26)

1vi(b) = [Tj(a)fj(a)i(b) * rj(b)fa'(b)i(b)} %si(b) (B7)

For energy absorbed after two reflections (prescript is 2), there is a summation
for the first reflection to all sides; then there is a summation of the resulting
reflections from all sides to the given surface. Thus, for the a side of the

ith surface, the total summation may be expressed as
n [n n 7
2¥i(a) = Z Tj(a)Ti(a)k(a) +er(b)fj(b>k(a) [1'“Sk(a)] Tk(a)i(a)

k=1 [ J=1 J=1 ]
n [n n 1

*Z er(a)fj(a)k(b) +er<b>f3(b)k(b) [l‘%k(b)] Tr(b)i(a) | @81 (a)
k=1 L= j= )

(B8)

Upon rearrangement and use of the summation convention, equation (B8) can be put
in the form

2vi(a) = <1”j(a) {fj(a)k(a)[l “@sk(ail Tx(a)i(a)
" fj(a)k(b)[l-“sub)] fk(b)i(a)} T 73(b) {fj(b)k(a)[l'%k(aﬂ Tx(a)i(a)

+ fj(b)k(b)[l‘@sk(b):\ fk(b)i(a)}) @55 (a) (B9)
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In a similer manner the energy absorbed by the b side of the 1ith surface
after two reflections is found to be

2vi(b) = (rj(a) {fj(a)k(a)[l' G’Sk(a)] Tx(a)i(b)

* fj(a)k(b)[l"QSK(bﬂ fk(b)i(b)}'+ T5(p) {%j(b)k(a)[l-'@sk(aﬂ fie(a)1(b)
* fj(b)k(b)[l‘%k(b)] fk(b)i(b)}) %1 () (B10)

Subsequent terms for more reflections become more elaborate but follow a similar
pattern of construction as one additional example will show:

avi(a) = |Tj(a) Q’j(a)k(a)[l‘%ua]{fk(a)ua)[l'@sua)} f1(a)i(a)
+ fk(a)l(b)[l~msz(b)] fl(b)i(a)}
* fj(a)k(b)[l '%Mb)} {fk<b)z(a)[l-asz(aﬂ f1(a)1(a)
¥ fk(bn(b)[l G“Sz(b:l (o a)}>
T T5(n) ( j (b)k(a [l sk (a, )Hfua)z(a)[l-@suaﬂ T1(a)i(a)
¥ fk(a)l(b)[l sy bﬂ fz(b)i<a)}
3oyt 2ot ftorao)| - o1 Trwrsca
[

" p)2(b)| L~ @sz(b] ()il a)}) %si(a)

(B11)

The equations for the inputs due to multiple reflections of the emitted radiation
from all sides of all surfaces have the same form as the preceding equations.
These equations can be obtained by replacing r, v, and ag by the corresponding
terms for emitted radiation g, w, and €, respectively (¢ has been previously
defined by equation (B3)). Thus, o¥i (a) has the form

0"i(a) © [qj(a)fj(a)i(a) * qj(b)fj(b)i(a)] €i(a) (B12)
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A heat balance may now be made upon the surface including internally generated
heat:

Heat emitted = solar radiation absorbe§> .

emitted radiation absorbed
(direct and reflected)

(direct and reflected)

+ (internal heat) (B13)
Internal heat may be treated as an external input and treated in exactly the same
way as the absorbed direct solar radiation.

qi(a)*'qi(b)==Si(a)*'si(b)*‘Uiai'+}jﬁvi(a) +§:Bvi(b)'+}:Bwi(a) +}:Bwi(b) (B1h)
B=1 B=1 B=o B=o

where the prescript B denotes number of reflections. Equation (B1lL4) is a set
of simultaneous equations which contain sums within sums, etc. The methods of
matrix algebra are particularly valuable in organizing and solving such expres-~
sions. As a first step, the following matrices are defined:

— - )
%s5 (a) o .. Esl(b) ... ©O
0 ass(a) 0 0 %so(b) 0
Ro 7 -
) 0 %sn(a) o 0. .. osn() .
_;ﬂa) 0. . o | _Eﬂb) 0... 0 ]
0 Eg(a) o] 0] e2(b) 0
Ea = l_ii—b =
0 o . . . en(a) 0 0 en(b)
\: n(a) | 1 © ~ )| (BlS)
T1(a)1(b) Ti(a)z(p) - - + Ta(a)n(b)
fa(a)1(b) Tz(a)2(p) » « - fz(a)n(b)
T = ) ) 3 . .l
Tab = T;;lc;;lez:inio-r::rfg_r
Fpa, Faa,and Fob
fn(a)1(b) Tn(a)2(p) - - - fn(a)n(b)_
§a = [Sl(a) Sa(a) - - - Sn(a)] Sp = |:§l(b) Sz2(b) -+ - - Sn(b)}
Ba = |ra(a)  T2(e) - - - rn(a)] Rp = [rl(b) ra(b) + - - Tn(b)J
Us=|Uias Uzaz - -+ Un2 ] Q= [a1T14 asTa? . . anTn4]
J
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With these definitions, we may now write the radiation heat-transfer expressions
in matrix form. For example the array of terms,

fj(a)k(b)[l _@Sk(b)] =Fop(T -2) Jrk=1,2...n (B16)
where
_ —_
1
I-= (B17)
O 0] 1
L _
is a unit matrix. Equation (B1lL4) may now be written in matrix form as
Q(Ea + Ep) = Sg + 85p + U + ﬁé[ﬁéaﬁé + ﬁéb££} + Ef[ﬁbazé + ﬁﬁbzﬁ}
+Ta | GasFa + Gao | + ) GouTe + Tovfo | (218)

The H and G matrices may be termed "radiation transfer matrices" and are given
by

Fon = Fan + Foo (T - Bo)fan + Fan(T - Bo)Fy, + Fop(T - Ka)[faa(f - B)Fan + Fup(T - Xb)fba} 3
. B (T - xb)[fba@ CE)Fa, + Fup(T - Kb)Fba] ..
}—[ab - Fab + Faa(T - Ba)Fap + Fap(T - Ap)Fpp + ﬁaa(—f - Ka)lifaa(f - Ka)Fab + Fa.b(f - Kb)be:l
+ Fan(F - )| Foa(T - BTy + Fan(T ~ o) + - - - >
ﬁba = fba + Fpg(T - Ag)Faqs + Fop(T - &p)Fpa + Foa(T - K—a)[ﬁaa(f - Bg)Faqa + Fap(T - Kb)iba:l
* Fon(T - B)| Foa(® - Bl + Fon(T - lFiy | + - - -
Hpb = Fob *+ Foall - 2a)Fap + Fpp(T - Ap)Fyp + Fpu(T - E;>[Fga(f - Ay Fy + Fop(T - Kg)fng
¢ Fon(F - Bo)|FoalT - RaFa + F(F - p)Fop | + - - - )
(B19)
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The A matrices are replaced by the corresponding E matrices to obtain the
G matrices.

The patterns of the subscripts a and b suggest that an additional concept
of matrix algebra may be utilized, namely, that matrices themselves may be used
as elements of matrices. Thus, for example,

_ la, © B Eg O _ F. Fap
A= 1 E=1 _ s F=] _ _ (B20)
0 Ay 0 Ey Fra Fob
where O is the null or zero matrix. With this concept, the following
expression for H,,, for example, may be verified:
— — — = = - = = Faa
Hoa = Fag + |Faall - Aa), Fan(T - &b) || _
Fba
— - = - = = —
— - - _ FaalT - Bg)s Fap(T - Abiw Foa
+ | FaolT - Ag), Fap(l - Ap) o o _
- Foa(T - Ba)5 Fop(T - Ap) | [ Foa
[~ - _ = Faa(I - Aa)J Féb(f" Kb) 2 ?éa
+  Foa(T - B), Fao(T -8 | | _ _ + .
- [FralT - Ba)s Fpp(T - Ay) Foa,
(B21)

which reduces to

w2l

o = Fan + [faa, fab]@ - {f CRE - [iﬁ(f ] m]e . } | (e22)

The infinite summation is in the same form as a geometric series. Matrix algebra
will allow many results of ordinary algebra to be used, so that the series may be
replaced by its sum and equation (B22) becomes

-1

|

aa

e (B23)

|

Hpg = Fas * {Féa: Féb](f - K)[f - ¥(T - K)}

=

Similar results may be obtained for the rest of the H matrices and for the G
matrices. When equation (B18) is simplified by combining matrices, it may be
written as
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IE ) _ _ _ [_ _ ] Haa  Hab Ag,
B, + Ep) =85 + 50+ 0 + |, R
Wira & a? 70 | |y, Hpp || A

Gab Eg

a(Ea + o) | 222
Gpa Cpp || B

This equation may now be solved for Q:

— —_ —_ — —_ — —_ Ka —_ — —_ —_ —_ Ea \
Q = [Sg + Sp + U + I>Ra, Rb] H Kb Ey + Ep - I:Ea, Eb:l G _b (B25)

where
B, Hap
— a8 ab
H=|_ B (B26)
Hpa  Hppb |
and
Gab
¢ = z (B27)
bb

Equation (B25) is the solution to the heat balance on all surfaces. The
temperatures of the surfaces can be determined from the definition of § from

equations (B15).
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TABLE I.- MAXTMUM SURFACE

TEMPERATURE DURING A LUNAR DAY FOR UNSHIELDED VEHICLE

Meximum temperatures, ©F
Type of surface ag/€ A
Cylindrical section | Conical section
Tabor solar collector | 17.0-7.0 988-701 992-706
Metals 9.0-2.0 776-392 781-403
Silicon solar cells 1.10 289 293
Ideal gray surface 1.0 270 278
White paints 0.5-0.15 189-135 182-82

TABLE II.- EFFECTIVENESS OF SOLAR AND LUNAR RADIATION SHIELDS UPON THE
TEMPERATURES OF A VEHICLE AT THE SUBSOLAR POINT; CONDUCTANCE AND
INTERNAT, HEAT BOTH ZERO

(a) Unshielded vehicle

Conical section

60°

///-Cyﬁndﬁcolsecﬁon

Lunar surface

I

Vehicle Surface temperature, °F A
ag/e Conical section | Cylindrical section
0.2 83 137
1.0 20k 146
5.0 SN 184
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TABLE IT.- EFFECTIVENESS OF SOLAR AND LUNAR RADIATION SHIELDS UPON THE
TEMPERATURES OF A VEHICLE AT THE SUBSOLAR POINT; CONDUCTANCE AND
INTERNAT, HEAT BOTH ZERO - Continued

(b) Small solar radiation shield

/— Small solar radiation shield

i
|

Y :r/////////
D

Surface properties

Temperatures, OF

Solar shield Separation
Vehicle | Sunlit Shaded distance, Solar Conical | Cylindrical
side side X/D shield | section section
ag/€ Qg € | ag €
1.0 1.0} 1.0 1.0} 1.0 0.25 2ul 79 146
.50 247 69 146
1 1 .75 2h9 63 147
1.00 250 59 1h7
2| .8 .25 169 67 146
.50 175 61 146
.75 178 57 146
Y 1.00 180 54 146
.2 1.00 180 L7 135
5.0 Y Y 1.00 180 86 185
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TABLE IT.- EFFECTIVENESS OF SOLAR AND LUNAR RADIATION SHIELDS UPON THE
TEMPERATURES OF A VEHICLE AT THE SUBSOLAR POINT; CONDUCTANCE AND
TNTERNAL HEAT BOTH ZFERO - Continued

(c) Large solar radiation shield

/—Large solar radiation shield

J 1
| ]
X
I |
| |
| |
I |
I !
I |
I |
l /] \ |
| / \\ |
|/
s N
/ \|
V Y
I11777777 777777777 7A 777/
D——»d
Surface properties Temperatures, OF
Solar shield Separation
Vehicle | Sunlit Shaded distance, |Solar |Conical |Cylindrical
side side X/D shield | section section
ag/ € Qg € Qg €
1.0 1.0 |1.0 {1.0 | 1.0 0.25 2L 141 93
.50 242 122 92
l l .75 2o 106 92
1.00 242 95 92
2| .8 .25 165 111 88
.50 166 96 88
.75 167 86 88
{ 1.00 167 78 88
.2 1.00 167 72 80
5.0 Y Y 1.00 167 106 121




TABLE IT.- EFFECTIVENESS OF SOILAR AWD LUNAR RADTATION SHIELDS UPON THE
TEMPERATURES OF A VEHICLE AT THE SUBSOLAR POINT; CONDUCTANCE AWND
INTERNAT, HEAT BOTH ZFERO - Concluded

(d) Solar radiation shield and lunar radiation shield

/—Lorge solar radiation shield

¥
X
1

P ——— e ——— — — g ——

IR

" | Lunar thermal radiation
| | shield
1 ! | /45° !
[1117777774777777777477777/77777
[e—— D ——
Surface properties _ Temperatures, OF
Solar shield Separation
Vehicle| Sunlit |Shaded | ““P2T | gistance, |Solar |Lunar |Conical|Cylindrical
side sige |Shield X/D shield|shield|section| section
ag/€ ag | € Jag | € [ag | €
1.0 1.0]1.0{1.0/1.0/1.0{1.0 0.25 243 87 128 12
.50 25L3 87 106 9
.75 243 86 89 7
_ 1.00 oLl 86 77 6
2| b .25 241 | 107 126 -68
.50 2h1 | 106 104 =75
.75 241 | 106 88 -79
Y|y 1.00 2o | 106 75 -80
2] .8 .25 164 98 92 -106
.50 16k 98 77 -111
.75 165 98 65 -11k
V 1.00 166 98 56 -115
.2 1.00 166 98 51 -115
5.0 \ V Y Y|V { 1.00 166 98 82 -115




TABLE IIT.- EFFECTIVENESS OF SOLAR AND LUNAR RADIATION SHIELDS UPON THE
TEMPERATURE OF A VEHICLE WITH INTERNALLY GENERATED HEAT AT THE
SUBSOLAR POINT; ZERO SKIN CONDUCTANCE

Area of cylindrical
section = 314.2 12

—
1
I
|
|
|
1
|
|
|
|
|
|
—

10

Solar shield: Sunlit side ag =0.2, ¢=08

Shaded side ag=1.0, €= 1.0

T Lunar shield: ag=02, € =0.04; both sides

Vehicle surface properties | Heat generated within |Vehicle temperatures, OF
the cylindrical Conical | Cylindrical
as/e Qs € section, watts section section
1.0 1.0 1.0 2,500 56 -26
2,000 57 29
l l l 7,500 57 70
10,000 57 102
.2 .16 .8 2,500 51 ~1h
5,000 51 45
7,500 51 89
10,000 52 124
5.0 .5 .1 500 82 6
1,000 82 71
l l J 1,500 82 119
2,000 82 158
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Figure 1.- Temperature variation of the lunar surface.
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Figure 3.- Basic vehicle configuration.
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(c) Solar shield and lunar shield.
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(d) Solar shield - side illumination.

Figure 4.- Concluded.
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(a) Conical section.

Figure 5.- Incident radiation on a strip on the unshielded vehicle during a lunar day.
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Figure 6.- Temperature variation of a strip on the unshielded vehicle during a lunar day;
conductance and internal heat both zero.
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Figure 7.- Effect of the ratio of solar absorptance to emittance on the surface temperatures of
the unshielded vehicle at the subsolar point; conductance and internal heat both zero.
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illuminated from the side; conductance and internal heat both zero.



ch

Surface temperature, °F

300~ Q /€ =1.0

Co = Conductance of 1/8 in. thick

aluminum =1.35 Btu/hr °F
200 Vehicle diometer =10 ft
as=e =0.9

100

~100 — N
N
N

c=1C

-200 — N T —— [
S~ — T TFwec
— — — — —-I/8¢,

-300 | I | | [ | | l MO0

0 20 40 60 80 100 120 140 160 180

Location angle around vehicle, ¢, deg

(a) High-emittance surface.

Figure 9.- Effect of thermal conductance upon the temperature variation around the cylindrical
section of the vehicle when illuminated from the side; no internal heat.
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Figure 10. - Effectiveness of solar and lunar radiation shields at the subsolar point as a
function of the @s/e ratio on the vehicle; conductance and internal heat both zero.
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Figure 11.- Effectiveness of solar- and lunar-radiation shields upon the temperatures on a
vehicle at the subsolar point with internally generated heat.
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provide for the widest practical appropriate dissemination of information
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